ABSTRACT: This paper proposes a method to modify the strut effectiveness factor in the strut-and-tie model for CFRP-strengthened reinforced concrete deep beams. Two groups of deep beams comprising six ordinary reinforced concrete deep beams and six CFRP-strengthened reinforced concrete deep beams were experimentally tested under the four-point bending configuration. The shear span-to-effective depth ratio of the beams in each group was 0.75, 1.00, 1.25, 1.50, 1.75, and 2.00. The theoretical principal tensile strain in CFRP-strengthened struts was modified based on a proposed empirical relationship, based on two ratios: the experimental to the theoretical value of principal tensile strain and the shear span-to-effective depth of deep beams. 
INTRODUCTION
According to ACI 318-11, a deep beam has a clear span less than or equal to four times the overall depth. Regions with concentrated loads spanning twice the member depth from the support are also considered deep beams (1) . Deep beams are commonly utilized in tall buildings, offshore structures, and foundations (2) . Deep beams typically function as a transfer girder in a single-span or continuous beam (3) .
The strengthening of concrete structures with carbon fiber-reinforced polymer (CFRP) has become a topic of interest among researchers in the last decade because CRFP is lightweight and corrosion resistant. CFRPs are easy to install and have high tensile strength, making these materials a useful tool for strengthening concrete structures.
Numerous studies explored the effects of CFRP in three forms (sheet, plate, and bar) on the behavior of RC beams (4) (5) (6) (7) (8) . Besides, many studies have been conducted to investigate the behavior and capacity of reinforced concrete (RC) beams strengthened with CFRP in terms of flexure (9, 10) and shear (11) (12) (13) (14) (15) (16) (17) (18) (19) . Scant research has been conducted on the shear strength of RC deep beams (20) (21) (22) and no attempt has been made to improve the STM to analyze CFRP-strengthened RC deep beams.
Several equations and models to predict concrete-CFRP bond strength (23) (24) (25) (26) (27) (28) are in place. The Lorenzis and Miller equation (29) , based on a shear lag approach and a simple shear model was used here (Equation [1] ). τ = t E 0.0184 .
[1]
According to various codes and standards, the strut-and-tie model (STM) is a rational approach to analyze deep beams (30, 1, (31) (32) (33) (34) (35) (36) . The strut in STM has three common shapes, namely, prismatic, bottle shaped, and fan shaped. The crushing strength of concrete strut in STM is evaluated based on the strut effectiveness factor (u). Available codes and standards are classified into two groups depending on the method utilized to calculate the strut effectiveness factor. The first group comprises AASHTO LRFD, CSA-S6-06, CSA A23.3, and AS 3600, which define the strut effectiveness factor as a function of the principal tensile strain on the strut (30, 31, 33, 34) . Originally, the strut effectiveness factor proposed by Vecchio and Collins utilized modified compressivefield (MCF) theory (37) . The second group comprises ACI 318-11, DIN 1045-1, NZS 3101, and model code 2010, which recommend a value for the strut effectiveness factor (1, 32, 35, 36) .
Equations [2] and [3] are provided by AASHTO for the calculation of the strut effectiveness factor. The equations are based essentially on research conducted on MCF theory (37) . This study proposed the stress-strain relationship for cracked concrete during compression as follows:
The strut effectiveness factor can be calculated as follows from Equation [3] .
According to AASHTO LRFD, εs is calculated as below.
The average principal tensile stress for cracked concrete in concrete struts in tension proposed in the above research is presented in Equation [5] .
The use of CFRP sheets to strengthen concrete structural elements continues to increase worldwide. Despite the wide application of STM in structural member design (38, 39) , the current STM is incapable of predicting the shear strength of CFRPstrengthened deep beams. Hence, the ultimate strength of CFRP-strengthened deep beams is evaluated in the present study to develop a rational model. While numerous studies have been run on STM from various angles (40) (41) (42) (43) (44) (45) (46) (47) , no research has been conducted on STM where the D-region is strengthened with CFRP, particularly in deep beams. Thus, the main purpose of the present study is to develop the STM for predicting the shear strength of RC deep beams strengthened with CFRP. This study proposes a modified strut effectiveness factor for STM based on an empirical relationship in CFRP-strengthened deep beams. No study has yet been performed to calibrate the value of the principal strain on struts in D-regions to obtain the strut effectiveness factor in STM. The present proposal is to modify the value of principal tensile strain in CFRP-strengthened strut based on an empirical relationship. This study is confined to ordinary reinforced concrete deep beams strengthened with one layer of CFRP sheet applied using wet-lay techniques.
METHODOLOGY
The reinforced concrete deep beams consisted of two groups: ordinary and CFRP-strengthened deep beams. Each group comprised six deep beams with shear span to effective depth ratios of 0.75, 1.00, 1.25, 1.50, 1.75, and 2.00. CFRP sheets are usually installed on two or three sides, or fully wrapped around the beam. Anchorage is achieved with the three-side and full-wrap systems. Two-sided installation is more common in strengthening, retrofitting, and even repair because of its ease of installation and cost-effectiveness compared to the other two installation systems. This study was therefore confined to two-sided CFRP installation, for it aims to investigate the effect of installing a CFRP sheet without anchorage on the tensile strength of an inclined RC strut. The effect of CFRP anchorage in three-sided and fully-wrapped CFRP installation systems should be explored in future research.
Details of deep beams
The 140 mm × 350 mm deep beams were essentially identical; they measured 1840 mm.
long and had a rectangular cross section, as illustrated in Figure 1 . The flexural reinforcement consisted of nine 16-mm diameter deformed steel bars placed in three layers. The steel bars were welded to 10-mm thick steel plates at both ends of the beams to provide adequate anchorage. The 120-mm high anchorage steel plates fully covered the width of the beams. The longitudinal bars should be anchored as in standard practice using development length or embedded length. However, the end steel plates were utilized in the experiment to provide additional anchorage because of laboratory size limitations. Steel mesh reinforcement with a mesh size of 100 mm was provided as transverse reinforcement. The mesh satisfied the required minimum amount of web reinforcement and the recommended maximum spacing of orthogonal grid reinforcement (300 mm) specified by ACI 318-11 and AASHTO LRFD (30, 1) . To prevent premature local failure, additional steel reinforcements were provided under the load plates and on top of the support plates as illustrated in Figure 2 . The orthogonal grid reinforcement, used along the length of the beams, is shown only on one side of the beam in Figure 2 . 
Materials and methods
The beams were cast with a single supply of readymixed concrete. One layer of uni-directionally woven carbon-fiber fabric with a thickness of 0.111 mm/ply was wet-laid on the deep beams with a two-part epoxy resin. The direction of the fiber in the installed CFRP sheet was vertical. Table 1 lists the typical properties of the CFRP sheet and epoxy resin provided by the manufacturer. Both the CFRP sheet and epoxy resin were supplied by Sika Company with Sikadur-330 and Sikawrap-230 product data sheets. Strengthening with the CFRP sheet was performed only on the surface of the beams between the load and support plate to cover the shear span of the deep beams. The CFRP-strengthening was cured for at least two days at ambient temperature following the manufacturer's recommendation. The support and load plates, which are 70 mm wide and 10 mm thick, fully covered the bottom and top of the beam. The deep beams were tested 28 d after casting.
A universal tensile strength testing machine was used to measure the tensile strength of steel bars. Three samples were chosen from each size of steel bars and the average taken as the final tensile strength. The test was carried out according to standard ASTM-E8 with a strain rate of 0.005 in/in/min to measure the ultimate tensile strength of the bars. The tensile strength of the reinforcing steel bars determined as described (T16) was 440 MPa, while the compressive and splitting tensile strengths of concrete were 37.02 and 3.31 MPa, respectively.
Test procedures and instruments
The beams were tested to failure with a four-point bending configuration. The load was increased to failure with a 5000-kN hydraulic actuator. The load increment was 25 kN during the loading process. The positions of the DEMEC discs were carefully drawn on the surface of the D-regions of the beams. The DEMEC discs were then properly positioned on the beam surface using a DEMEC invar bar at 200-mm intervals. DEMEC disc spacing was accurately measured in each step of loading since the DEMEC resolution was 0.001 mm. As the ultimate shear strength of CFRP-strengthened RC deep beams was not predictable, the DEMEC measurement process for all beams was continued following the load increment steps of 25 kN till the beams failed. Figure 3 shows the experimental test set-up with the DEMEC discs positioned along and perpendicular to the strut centerline. The strain perpendicular to the strut centerline at mid-height of the beam section was the focus of calculation in this study.
EXPERIMENTAL RESULTS AND DISCUSSION
The results were carefully measured using calibrated tools since there only one test was available for each a/d ratio in this study. This section presents the relationship between the shear strength of CFRP deep beams and the shear span-to-effective depth ratio with a view to modifying the STM for CFRP-strengthened deep beams. Then, an empirical relationship was established to modify the value of the strut effectiveness factor of the CFRPstrengthened deep beams.
Failure of deep beams
According to the experimental observation, the tendency of having brittle failure perceptibly in creases among the ordinary RC deep beams as the shear span to the effective depth ratio decreases. Nonetheless, the foregoing tendency was observed to be weaker in CFRP-strengthened RC deep beams than in ordinary RC deep beams. The ultimate shear strength of ordinary RC deep beams and CFRP-strengthened deep beams and their respective mid-span deflection values are shown in Table 2 . According to Table  2 , the mid-span deflection of ordinary and CFRPstrengthened RC deep beams corresponding to the ultimate load slightly increased with the shear spanto-effective depth ratio.
However, the ductility and energy absorption of ordinary and CFRP-strengthened RC deep beams should be explored in further research. The partial rupturing of the CFRP sheet was the dominant failure mode in the two-sided CFRP-strengthened deep beams in this experiment. In other words, only part of the beam section failed without CFRP sheet rupture, while the failure of the remaining beam section occurred simultaneously and involved rupture of the CFRP sheet.
Ultimate shear strength of deep beams strengthened with CFRP
Among the studies conducted on deep beams hitherto, no attention has been paid to CFRP strengthening of deep beams with various shear span-to-effective depth ratios. Table 3 shows the ultimate shear strength of ordinary and CFRPstrengthened deep beams based on the experimental results of this study. The last column in Table 3 shows the increase in ultimate shear strength of deep beams bearing CFRP sheets. Two crucial trends were observed from the experimental results. First, as the shear span-to-effective depth ratio (a/d) increased, the ultimate shear strength of the ordinary and CFRP-strengthened deep beams decreases. This trend is consistent with the findings of previous studies (2, 47) . Second, the shear strength of the CFRP-strengthened deep beams increases faster than that of ordinary deep beams with the increase in a/d.
While part of the IR shown in Figure 4 and Table 3 may stem from the increasing efficiency of FRP with increasing a/d, the reduced strength of the RC beams with increasing a/d was another reason for the rise in IR. As shown in Table 3 , the strength of non-strengthened RC beams declined significantly with increasing a/d, prompting an increase in IR values after strengthening. Therefore, part of the increase in IR was due to the increased efficiency provided by the FRP sheets.
In this study, the relationship between two significant ratios (IR and a/d) was considered in evaluating the behavior of CFRP-strengthened deep beams. Figure 4 illustrates the empirical relationship between the two ratios. This relationship served as the basis for STM modification to predict the shear strength of CFRP-strengthened deep beams. This issue is discussed in a separate section in this paper.
Modified strut effectiveness factor for CFRPstrengthened deep beams
STM was developed with an empirical equation to predict the ultimate shear strength of CFRPstrengthened deep beams in terms of the main CFRP properties such as thickness and modulus of elasticity. In this research, the strut effectiveness factor chosen for modification to accommodate CFRPstrengthened struts was the factor recommended by AASHTO LRFD over the ACI 318-11 proposal. This selection was considered because the strut effectiveness factor recommended by AASHTO LRFD is calculated from the value of the principal tensile strain on the strut, which is measurable for the CFRP-strengthened struts used in the experiment. The principal tensile strain on struts was also measured to provide experimental support for verification, aside from the development of the strut effectiveness equation recommended by AASHTO LRFD for CFRP-strengthened deep beams.
The behavior of the CFRP-strengthened D-region was evaluated based on the principal tensile strain for bottle-shaped struts in STM. Based on Equation [5] , the ε 1 for ordinary concrete struts was calculated from Equation [6] below. Equation [6] was derived from Equation [5] and developed for CFRP-strengthened concrete struts based on the contribution of the CFRP sheet. The compressive strength of concrete struts declined due to of concrete softening in response to the strut effectiveness factor in STM. The diagonal cracks along the strut centerline widened with the increase in the applied load. CFRP sheets prevented the diagonal cracks from widening compared to those diagonal cracks without CFRP-strengthening. This was because of the bond stress transferred to the concrete -CFRP interface.
Therefore, the principal tensile strain in CFRPstrengthened concrete struts in which the contribution of CFRP bonding stress is taken into consideration is proposed in Equation [7] .
The contribution of CFRP bonding stress in Equation [7] varied for different shear span-to -effective depth ratios because of the non-linear behaviour of the D-region. This is the reason why reduction coefficients α and β were used in Equation [7] . In order to calibrate Equation [7] with the experimental results, the values of reduction coefficients α and β were assumed to be equal to 1.00. Consequently, an empirical relationship was established in which reduction coefficients were used to attain the value of ε 1−FRP as shown in Figure 5 . This relationship was established as the ratio of ε 1−FRP to ε 1−FRP−test as indicated in Table 4 . The principal tensile strain on both ordinary and CFRP-strengthened struts was measured with the DEMEC discs at the mid-height of the strut perpendicular to its centerline. ε 1−ordinary-AASHTO and utilized as the basis of the calculation to attain ε 1−FRP . Based on the following empirical equation, ε 1−FRPrecommended was obtained with the shear span-to-effective depth ratio and the R value.
Therefore,
Using the a/d ratio, the modification ratio (R) was calculated from Equation [8] . The value of ε 1−FRP was calculated from Equation [7] since α and β were equal to 1.00. Subsequently, ε 1−FRPrecommended was calculated from Equation [9] . The strut effectiveness factor for Figure 5 . Principal tensile strain in CFRP-strengthened concrete struts, empirical relationship.
CFRP-strengthened RC deep beams was obtained from the value of ε 1−FRPrecommended . Table 5 provides a summary of the calculations and the recommended method and experimental ultimate shear strengths of CFRP-strengthened deep beams. Empirical Equation [9] gives the value of the principal tensile strain on CFRP-strengthened concrete struts.
CONCLUSIONS
This study investigated the application of the strut-and-tie model for CFRP-strengthened deep beams. It sought to establish an empirical relationship to modify the calculated value of the principal tensile strain on CFRP-strengthened struts. The following conclusions may be drawn.
1. An empirical relationship was established to modify the value of the strut effectiveness factor for CFRP-strengthened struts and to predict the value of principal tensile strain in struts for CFRP-strengthened deep beams. 2. The modified STM, which utilized the proposed empirical relationship, can be employed to predict the shear strength of CFRP-strengthened deep beams. 3. The experimental results showed that CFRPstrengthening increases the ultimate shear strength of deep beams from 19.60 to 30.02 with shear span-to-effective depth ratios of 0.75 to 2.00, respectively. 4. The partial rupturing of the CFRP sheet is the dominant failure mode in two-sided CFRPstrengthened deep beams.
